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Ah Receptor: Relevance of Mechanistic
Studies to Human Risk Assessment
by Jon C. Cook,* Kevin W. Gaido,* and William F.
Greenlee*t

Studies of the toxic actions of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in numerous animal models
and in human and animal cells in culture have established that the most characteristic pathologic lesions
produced by this compound result from events initiated by the interaction of TCDD with a specific intra-
cellular receptor protein, the Ah receptor. Although most research on the interaction of TCDD with the
Ah receptor has focused on establishing involvement of this receptor complex in specific toxic responses,
recent application of modern cell and molecular biology techniques is yielding new insights into the
mechanism(s) of signal transduction. Elucidation of these mechanisms is essential for understanding the
molecular basis of the cell and species specificity which is a hallmark of TCDD toxicity. This knowledge
should provide the framework for development of a more toxicologically relevant risk assessment model.

Introduction
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the

extensively studied prototype for the halogenated aro-
matic compounds (HACs), a large group of environ-
mental toxicants that includes the dibenzo-p-dioxins,
dibenzofurans, biphenyls, and azo- and azoxybenzenes
(1-3). Studies in various animal models and in human
and animal cells in culture indicate that TCDD and isos-
teric HACs produce a characteristic pattern of patho-
logic lesions separable into two major categories: those
that are widely expressed such as thymic atrophy, ter-
atogenesis, and wasting; and species-specific responses
including hepatotoxicity, edema of the pericardium, and
hyperkeratosis and chloracne (4). Hyperkeratosis and
chloracne are responses commonly observed in humans
(5,6). Other reported clinical abnormalities include
weight loss, impaired liver function, hepatic porphyria,
general malaise, and peripheral neuropathies (7).
Suppression of specific T-lymphocyte functions has been
reported in individuals who ingested PCB-contaminated
rice oil (8-10). Chlorinated dibenzofurans present in the
PCB mixture are the suspected immunosuppressive
agents (8-11).
Many of the actions of TCDD and related HACs on

target cells are mediated by a specific intracellular bind-
ing protein (to be designated in this report as the Ah
receptor) (2,5). Studies carried out in inbred murine
strains have established that the Ah receptor mediates
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the TCDD-dependent induction of a battery of genes
coding for cytochrome P1-450 and other enzymes pri-
marily involved in xenobiotic metabolism (2). In epi-
thelial cells from certain target organs the Ah receptor
is postulated to regulate a second gene battery encoding
proteins involved in the control of cell proliferation and
differentiation (2,12,13). Genetic analysis of TCDD-
induced epidermal hyperplasia in haired and hairless
strains of inbred mice has demonstrated that this Ah
receptor-dependent response occurs only in the pres-
ence of a second regulatory gene (designated hr) (14).

Skin and Thymus Toxicity: In Vitro
Models
Several in vitro model systems have been developed

and used for study of the mechanisms ofTCDD toxicity
to skin (13,15-18) and thymus (19-21). Analysis of the
concentration-dependence and stereospecificity
requirements for toxic responses elicited by TCDD and
other HACs in the various in vitro models has confirmed
the involvement of the Ah receptor; however, specific
transductional events triggered by the reversible bind-
ing of HAC agonists with the Ah receptor remain to be
elucidated. Most studies have been largely correlative
and have not investigated the molecular determinants
of toxicity. Such information is essential for providing
a mechanistic basis potentially useful for risk analysis.
This is perhaps best demonstrated by the studies cited
above in hairless mice in which it was shown that at
least two regulatory genes (Ah, the putative structural
gene locus for the Ah receptor, and hr) are required for
the expression of toxicity; i.e., the presence of the Ah
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receptor in skin target cells is obligatory, but not suf-
ficient to elicit a toxic response in murine skin (2,14).

Skin
Cultures of normal human epidermal cells and human

squamous cell carcinoma (SCC) lines have been estab-
lished in this laboratory as models for TCDD-induced ep-
idermal hyperkeratinization (22). Treatment of newly con-
fluent cultures of epidermal cells with TCDD results in
an increase in the relative proportion of more highly dif-
ferentiated cells as judged by histologic examination, de-
creases in the number of basal proliferating cells, and
increases in the number of both envelope competent cells
and cells with highly cross-linked cornified envelopes (23).
This response observed in vitro appears to be analogous
to the epidermal hyperkeratinization reported in both an-
imal models (14) and in humans exposed to TCDD-con-
taminated 2,3,5-trichlorophenol (24).

Potential biochemical mechanisms for this TCDD-in-
duced hyperkeratinization response have been studied
in human SCC lines that display predominantly either
enhanced differentiation (line SCC-12F) or altered pro-
liferation (line SCC-9) in the presence of TCDD (13).
Evidence obtained from these models indicates that
TCDD-induced changes in growth and differentiation
result from a complex interaction of the Ah receptor,
with at least three other receptor systems involved in
normal physiologic regulation of epithelial cell prolif-
eration (13).

EGF Receptor
Interaction of the Ah receptor with one of these re-

ceptor systems, the EGF receptor, has been studied in
some detail (25,26). In normal human epidermal cells it
was observed that TCDD produced a concentration-de-
pendent decrease in high-affinity EGF binding (23). This
response was only elicited by Ah receptor ligands and
preceded detectable TCDD-dependent modulation of
terminal differentiation. Analysis carried out with SCC-
12F cells indicated that TCDD through interaction with
its cognate receptor (the Ah receptor) produced a sus-
tained decrease in high-affinity EGF receptor binding
but had no effect on the low-affinity EGF receptor bind-
ing (25). A number of lines of evidence suggested that
modulation of EGF receptor binding was one of the
determinants of TCDD-dependent epidermal hyperker-
atinization observed in vitro (25,26).
Based largely on the similarity between the values

for the calculated half-life (20 hr) for the reduction in
high-affinity EGF binding in TCDD-treated SCC-12F
cells (25) with the reported half-life (16 hr) for EGF
receptor turnover in the human epidermoid carcinoma
line A431 (27), it was postulated that TCDD altered the
turnover ofthe EGF receptor in SCC-12F cells, possibly
through suppression of the EGF receptor structural
gene (13). Recent studies in this laboratory (28), how-
ever, indicate that TCDD treatment does not alter EGF
receptor gene transcription or processing of the EGF

receptor RNA transcript (Fig. 1). Potential posttran-
scriptional actions of TCDD on EGF receptor turnover
have not been examined.

Actions on Thymic Epithelial Cells
Studies carried out in congenic and specific strains

of inbred mice indicate that toxic responses to TCDD
in several immune system target cells is mediated by
the Ah receptor (29-32). Genetic analysis of TCDD-
induced thymus atrophy indicates that a second regu-
latory locus is not required for the production of this
Ah receptor-dependent response (e.g., thymic atrophy
occurs in both haired and hairless C57BL/6 mice) (2).
Several lines of evidence led to the proposal that thymic
epithelium was the target cell for both TCDD-induced
thymus atrophy (29,30) and enhanced T-suppressor cell
activity (2,31,33). Previous studies carried out in this
laboratory (20) demonstrated that TCDD can act di-
rectly on murine thymic epithelial monolayers to sup-
press the maturation of cocultured thymocytes. It was
postulated that impaired thymocyte maturation could
lead to increased thymocyte death and the depletion of
cortical thymocytes characteristic of TCDD-induced
thymic atrophy (12).

In a subsequent investigation, the actions of TCDD
on cultures of epithelial cells established from human
thymus specimens were characterized (21). The param-
eters examined included the induction ofthe cytochrome
P1-450 monooxygenase activities, 7-ethoxycoumarin 0-
deethylase (ECOD) and 7-ethoxyresorufin 0-deethylase
(EROD), and modulation of HuTE-dependent thymo-
cyte responsiveness to the mitogens concanavalin A
(Con A) and phytohemagglutinin (PHA). TCDD was
found to induce the measured cytochrome P1-450 activ-
ities and to suppress HuTE-dependent thymocyte ma-
turation. The concentration-dependence and stereo-
specificity (as judged by the relative activities of chlori-
nated dibenzo-p-dioxin and dibenzofuran isomers) for
both responses elicited by TCDD in HuTE cells indi-
cated involvement of the Ah receptor (21). Comparison
ofTCDD-dependent induction of cytochrome P1-450 and
impaired thymocyte maturation in several strains of
HuTE cells indicated significant interstrain differences
in maximally inducible ECOD and EROD activities
(Fig. 2 and Table 1) which did not appear to directly
correlate with the measured concentration of the Ah
receptor in HuTE cytosol. In certain HuTE strains
treated with TCDD, differences in both sensitivity and
magnitude were observed for the impaired HuTE-de-
pendent thymocyte maturation (Fig. 3). Significant dif-
ferences in sensitivity for the induction of ECOD activ-
ity were not seen (Fig. 2).
These observations on the actions of TCDD in HuTE

cells suggested that human thymus is a potential target
for TCDD and isosteric HACs. The validity of this in
vitro model system as a predictor of toxicity is sup-
ported by recent reports of altered cell-mediated im-
munity in individuals exposed to chlorinated dibenzo-
furans (11,12). In addition, the in vivo dose of TCDD that
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FIGURE 1. Filter hybridization analysis of total RNA from control and TCDD-treated SCC-12F cells. (A) Restriction sites of 889 bp cDNA
probe encoding the 3' end of the human EGF receptor gene [designated clone phEGFR-1 (41)]. (B) Left: total RNA prepared from control
and TCDD-treated (10 nM, 48 hr) cells was applied to nitrocellulose filters, hybridized to nick-translated phEGFR-1, and analyzed by
autoradiography. Lane A, no treatment; Lane B, 0.01% DMSO (control); Lane C, 10 nM TCDD. The numbers in the first column indicate
the amount of RNA (,ug) applied to each well in the corresponding row. Right: northern analysis of total RNA. Lane 1, no treatment; Lane
2, 0.01% DMSO (48 hr); Lane 3, 10 nM TCDD (48 hr); Lane 4, 0.01% DMSO (72 hr); Lane 5, 10 nM TCDD (72 hr). The arrow indicates
EGF receptor mRNA (6 kb). Taken in part from Osborne et al. (28).

promises host resistance and produces thymic atrophy in

C57BL/6 mice is similar to concentrations shown to be
active in both cultured murine thymic epithelial (20) and
HuTE (21) cells. At least three conclusions relevant to
the assessment of the toxic potential of HACs can be
drawn from the studies carried out in the HuTE cell cul-
ture model system: (a) the Ah receptor mediates the bio-

chemical and toxic actions ofTCDD on an epithelial target
cell population derived from human thymus; (b) HuTE
strains established from thymus samples from difference
individuals can differ markedly in sensitivity to the immu-
notoxic actions of TCDD; and (c) quantitation of the Ah
receptor content (or measurement of cytochrome P1450
inducibility, a widely accepted Ah receptor-mediated

it
a.a. 1002
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FIGURE 2. (A) Log dose-response curves for the induction of ECOD activity by TCDD in three strains of HuTE cells. Each point represents
the mean ± SEM of three experiments. Points without error bars have an SE less than the symbol size. (B) Fractional dose-response
curves of the data in (A). The mean control activity was equated to zero, the mean maximally induced activity to 1.0, and the intermediate
responses were calculated as a fraction of the maximal response. The ECQ values for the three strains are 2.0 nM (HuTE-C), 0.9 nM
(HuTE-L), and 0.8 nM (HuTE-M). From Cook et al. (21).

response) is not necessarily an accurate quantitative pre-
dictor of toxic susceptibility.

Conclusions
A central focus of most studies on the mechanisms of

toxicity of HACs in various animal and cell culture

model systems has been at the level of the Ah receptor.
Receptor mediated actions occur through a specific se-
quence of events: reversible binding of the ligand (ef-
fector) to its cognate receptor (recognition); transmis-
sion of the binding signal into a molecular effector sys-
tem (transduction); and generation of a response (34).
Much is known implicating the Ah receptor in various

Table 1. Ah Receptor concentrations and cytochrome Pl-450 monooxygenase activities in strains of human thymic epithelial
cells in culture.

7-Ethoxycoumarin 0-deethylase, 7-Ethoxyresorufin O-deethylase,
pmole/min*mg proteina pmole/minmg proteina

Human thymic Ah receptor,eamnbTatnb
epithelium strain fmole/mg Treatmentb Treatmentb
(donor's age, sex) proteinc DMSO DCDD TCDD DMSO DCDD TCDD

C 16.2 ± 1.6 0.160 ± 0.005 0.294 ± 0.020 4.902 ± 0.109*t 0.111 ± 0.006 0.312 ± 0.020* 1.585 ± 0.020*t
(16 years, female)

D 28.3 ± 3.3 0.120 ± 0.025 0.263 ± 0.004* 0.443 ± 0.035*t 0.146 ± 0.033 0.443 ± 0.031d 0.840 ± 0.014*t
(9 months, male)

H 15.2 ± 1.1 0.139 ± 0.009 0.233 ± 0.014 656 ± 0.083*t 0.066 ± 0.006 0.093 ± 0.010 0.138 ± 0.009*t
(2 months, male)

K 22.4 ± 2.5 0.179 ± 0.003 0.237 ± 0.029 0.593 ± 0.114*t 0.025 ± 0.006 0.024 ± 0.004 0.067 ± 0.017
(3.5 years, male)

L 48.8 ± 0.4 0.091 ± 0.021 0.093 ± 0.021 0.292 ± 0.046*t 0.045 ± 0.007 0.068 ± 0.002 0.121 ± 0.001*
(2 years, male)

M 18.6 ± 0.3 0.084 ± 0.001 0.150 ± 0.003* 0.231 ± 0.009*t 0.104 ± 0.010 0.119 ± 0.006 0.129 ± 0.003
(5 years, male)

N 10.9 ± 0.1 0.060 ± 0.018 0.188 ± 0.072 24.926 ± 0.477*t 0.227 ± 0.002 0.225 ± 0.022 4.701 ± 0.088*t
(4 years, female)

0 6.5 ± 0.5 0.085 ± 0.017 0.165 ± 0.006 1.072 ± 0.061*t 0.100 ± 0.018 0.105 ± 0.003 0.271 ± 0.005*t
(13 years, female)

P 8.7 ± 0.1 0.131 ± 0.008 0.552 ± 0.036 6.497 ± 0.482*t 0.065 ± 0.010 0.115 ± 0.007 0.778 ± 0.045*t
(6 years, male)
Abbreviations used: DMSO, dimethyl sulfoxide; DCDD, 2,7-dichlorodibenzo-p-dioxin; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.
aValues are expressed as the mean ± SE of three experiments.
bHuman thymic epithelium was treated for 3 days with either 0.1% DMSO, 1 x 106M DCDD, or 1 x 10-8M TCDD.
'Values are expressed as the mean ± SE of two or three determinations. Cytosol was incubated with ligand for 2 hr at 20°C.
* Significantly different from control value (p < 0.01).
t Significantly different from DCDD (p < 0.01).
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FIGURE 3. Con A- and PHA-dependent mitogenic responses of hu-
man thymocytes cocultured on HuTE monolayers. Each bar rep-
resents the mean ± SEM of four determinations. Asterisks in-
dicate significant difference (p < 0.01) from the control cells (thy-
mocytes cocultured on DMSO-treated TE monolayers). The
hatched bars represent thymocytes not cocultured on HuTE mon-
olayers. From Cook et al. (21).

biochemical and toxic responses; however, until re-
cently, little was known about specific transductional
mechanisms. Studies by Jones et al. (35-37) have re-
sulted in significant advances in understanding the mo-
lecular mechanisms of the TCDD-dependent induction
of cytochrome P1-450 in murine hepatoma lines. These
investigators have identified, cloned, and mapped the
upstream regulatory elements for the cytochrome P1-
450 structural gene. These elements consist of a pro-
moter (the binding site for the RNA polymerase com-
plex), an inhibitory domain that blocks promoter func-
tion, and at least two dioxin-responsive elements, the
putative nuclear acceptor sites for TCDD-Ah receptor

5' DRE DRE i P PI-450 3'
I I I I I I

Ah

5 X 3' Receptor Growth &~§ I + Modulation VDifferentiation

FIGURE 4. Proposed model for the regulation of multiple responses
by the Ah receptor. DRE, dioxin-responsive regulatory elements
(putative TCDD-Ah receptor DNA binding sites); i, inhibitory
domain; P, RNA polymerase binding site; X, growth regulatory
gene controlled by the TCDD-Ah receptor complex. Taken in part
from Jones et al. (36).

complexes (35) (Fig. 4). The dioxin-responsive elements
are located more than 1500 base pairs upstream from
the cytochrome P1-450 promoter (35), have the prop-
erties of transcriptional enhancers (36), and maintain
responsiveness to TCDD when transfected into either
heterologous murine tissue or a human mammary epi-
thelial cell line (36,37).

Qualitatively similar observations have been reported
for the regulatory region for the cytochrome P1-450
gene isolated from C57BL/6 mouse liver (38). Dioxin
responsive elements regulating the TCDD-dependent
expression of the rat cytochrome P-450c gene also have
been identified (39). Jaiswal et al. (40) compared the
nucleotide sequences of the human and murine cyto-
chrome Pl-450 genes and found four highly homologous
boxes between these genes in the TATA box promoter
region. These observations suggest a similar mechanism
for the TCDD-dependent regulation of cytochilome P1-
450 gene expression in both rodent and human cells.
Based largely on studies carried out in murine skin

(14), it has been postulated that TCDD-induced alter-
ations in epithelial growth and differentiation are the
consequence of the Ah receptor-dependent regulation
of a second gene battery encoding growth regulatory
proteins (2,13). Thus, the TCDD-dependent regulation
of these genes would represent the primary response
(or signal transduction event) resulting in epithelial
growth dysfunction. Preliminary findings in this labo-
ratory suggest that TCDD-dependent adverse growth
patterns in cultured human keratinocytes require gene
transcription. Studies in progress are focused on the
identification and cloning of the putative dioxin-re-
sponse growth control gene(s). Elucidation of the mech-
anisms of TCDD toxicity in the human epithelial cell
culture models established in this and other laboratories
should further understanding of the cellular and molec-
ular determinants of human susceptibility to the HACs.

We thank Benson R. Wilcox, Chief of Thoracic Surgery at the
School of Medicine, University of North Carolina, for providing hu-
man thymus specimens and Frank Simmen (Department of Cell Bi-
ology, Baylor College of Medicine) for giving us a cDNA probe to the
human EGF receptor. James Rheinwald (Sidney Farber Cancer In-
stitute) kindly provided the human keratinocyte line, SCC-12F. We

75



76 COOK, GAIDO, AND GREENLEE

also acknowledge the excellent technical support provided by Karen
Dold and Lisa Ross.

REFERENCES

1. Kimbrough, R. D. The toxicity of polychlorinated polycyclic com-
pounds and related chemicals. CRC Crit. Rev. Toxicol. 2:445-
489 (1974).

2. Poland, A., and Knutson, J. C. 2,3,7,8-Tetrachlorodibenzo-p-
dioxin and related halogenated aromatic hydrocarbons: Exami-
nation of the mechanism of toxicity. Annu. Rev. Pharmacol. Tox-
icol. 22: 517-554 (1982).

3. Safe, S. H. Comparative toxicology and mechanism of action of
polychlorinated dibenzo-p-dioxins and dibenzofurans. Annu. Rev.
Pharmacol. Toxicol. 26: 371-399 (1986).

4. Poland, A., Greenlee, W. F., and Kende, A. S. Studies on the
mechanism of action of the chlorinated dibenzo-p-dioxins and re-
lated compounds. Ann. N.Y. Acad. Sci. 22: 214-230 (1979).

5. Crow, K. D. Chloracne. A critical review including a comparison
of two series of cases of acne from chlornaphthalene and pitch
fumes. Trans. St. John's Hosp. Dermatol. Soc. 56: 77-99 (1970).

6. Taylor, J. S. Chloracne-a continuing problem. Cutis 13: 565-
591 (1974).

7. Kimbrough, R. D., Ed. Halogenated Biphenyls, Terphenyls, Na-
phthalenes, Dibenzodioxins and Related Products. Elsevier, New
York, 1980, pp. 373-397.

8. Masuda, Y., and Yoshimura, H. Polychlorinated biphenyls and
dibenzofurans in patients with Yusho and their toxicological sig-
nificance: A review. Am. J. Indust. Med. 5: 31-44 (1984).

9. Bandiera, S., Farrell, K., Mason, G., Kelley, M., Romkes, M.,
Bannister, R., and Safe, S. Comparative toxicities of the poly-
chlorinated dibenzofuran (PCDF) and biphenyl (PCB) mixtures
which persist in Yusho victims. Chemosphere 13: 507-512 (1984).

10. Kunita, N., Kashimoto, T., Miyata, H., Fukushima, S., Hori, S.,
and Obana, H. Causal agents of Yusho. Am. J. Indust. Med. 5:
45-58.

11. Kochman, S., Bernard, J., Cazabat, A., Lavand, F., Lorton, C.,
and Rappe, C. Phenotypical dissection of immunoregulatory T
cell subsets in humans after furan exposure. Chemosphere 15:
1799-1804 (1986).

12. Greenlee, W. F., Dold, K. M., and Osborne, R. A proposed model
for the actions ofTCDD on epidermal and thymic epithelial target
cells. In: Biological Mechanisms of Dioxin Action, Banbury Re-
port No. 18 (A. Poland and R. D. Kimbrough, Eds.), Cold Spring
Harbor Laboratory, Cold Spring Harbor, New York, 1984, pp.
435-444.

13. Greenlee, W. F., Osborne, R., Dold, K. M., Hudson, L. G.,
Young, M. J., and Toscano, W. A., Jr. Altered regulation of
epidermal cell proliferation and differentiation by 2,3,7,8-tetrach-
lorodibenzo-p-dioxin (TCDD). In: Reviews in Biochemical Toxi-
cology, Vol. 8 (E. Hodgson, J. R. Bend, and R. M. Philpot, Eds.),
Elsevier, New York, 1987, pp. 1-35.

14. Knutson, J. C., and Poland, A. Responses of murine epidermis
to 2,3,7,8-tetrachlorodibenzo-p-dioxin: Interaction of the Ah and
hr loci. Cell 30: 225-234 (1982).

15. Knutson, J. C., and Poland, A. Keratinization of mouse teratoma
cell line XB produced by 2,3,7,8-tetrachlorodibenzo-p-dioxin: An
in vitro model of toxicity. Cell 22: 27-36 (1980).

16. Gierthy, J. F., and Crane, D. Reversible inhibition of in vitro
epithelial cell proliferation by 2,3,7,8-tetrachlorodibenzo-p-
dioxin. Toxicol. Appl. Pharmacol. 74: 91-98 (1984).

17. Milstone, L. M., and La Vigne, J. F. 2,3,7,8-Tetrachlorodibenzo-
p-dioxin induces hyperplasia in confluent cultures of human ker-
atinocytes. J. Invest. Dermatol. 82: 532-534 (1984).

18. Puhvel, S. M., Ertl, D. C., and Lynberg, C. A. Increased epi-
dermal transglutaminase activity following 2,3,7,8-tetrachloro-
dibenzo-p-dioxin: In vivo and in vitro studies with mouse skin.
Toxicol. Appl. Pharmacol. 73: 42-47 (1984).

19. Dencker, L., Hassoun, E., D'Argy, R., and Alm, G. Fetal thymus
organ culture as an in vitro model for the toxicity of 2,3,7,8-
tetrachlorodibenzo-p-dioxin and its congeners. Mol. Pharmacol.
27: 133-140 (1985).

20. Greenlee, W. F., Dold, K. M., Irons, R. D., and Osborne, R.
Evidence for direct action of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) on thymic epithelium. Toxicol. Apple. Pharmacol. 79: 112-
120 (1985).

21. Cook, J. C., Dold, K. M., and Greenlee, W. F. An in vitro model
for studying the toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin to
human thymus. Toxicol. Apple. Pharmacol. 89: 256-268 (1987).

22. Greenlee, W. F., Osborne, R., Dold, K. M., Hudson, L. G., and
Toscano, W. A., Jr. Toxicity of chlorinated aromatic compounds
in animals and humans: In vitro approaches to toxic mechanisms
and risk assessment. Environ. Health Perspect. 60: 69-76 (1985).

23. Osborne, R., and Greenlee, W. F. 2,3,7,8-Tetrachlorodibenzo-p-
dioxin (TCDD) enhances terminal differentiation of cultured hu-
man epidermal cells. Toxicol. Apple. Pharmacol. 77: 434-443
(1985).

24. Suskind, R. R. Chloracne, "the hallmark of dioxin intoxication."
Scand. J. Work. Environ. Health 11: 165-172 (1985).

25. Hudson, L. G., Toscano, W. A., Jr., and Greenlee, W. F. Reg-
ulation of epidermal growth factor binding in a human keratino-
cyte cell line by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Tox-
icol. Appl. Pharmacol. 77: 251-259 (1985).

26. Hudson, L. G., Toscano, W. A., Jr., and Greenlee, W. F. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin (TCDD) modulates epidermal
growth factor (EGF) binding to basal cells from a human kera-
tinocyte cell line. Toxicol. Appl. Pharmacol. 82: 481-492 (1986).

27. Krupp, M. N., Connolly, D. T., and Lane, M. D. Synthesis, turn-
over, and down-regulation of epidermal growth factor receptors
in human A431 epidermoid carcinoma cells and skin fibroblasts.
J. Biol. Chem. 257: 11489-11496 (1982).

28. Osborne, R., Cook, J. C., Dold, K. M., Ross, L., Gaido, K., and
Greenlee, W. F. TCDD receptor: Mechanisms of altered growth
regulation in normal and transformed human keratinocytes. In:
Carcinogenesis-A Comprehensive Survey (R. Langenbach, J.
C. Barrett, and E. Elmore, Eds.), Raven Press, New York, in
press.

29. Poland, A., and Glover, E. 2,3,7,8-Tetrachlorodibenzo-p-dioxin:
Segregation of toxicity with the Ah locus. Mol. Pharmacol. 17:
86-94 (1980).

30. Vecchi, A., Sironi, M., Canegrati, M. A., Recchia, M., and Gar-
attini, S. Immunosuppressive effects of 2,3,7,8-tetrachlorodi-
benzo-p-dioxin in strains of mice with different susceptibility to
induction of aryl hydrocarbon hydroxylase. Toxicol. Appl. Phar-
macol. 68: 434-441 (1983).

31. Nagarkatti, P. S., Sweeney, G. D., Gauldie, J., and Clark, D. A.
Sensitivity to suppression of cytotoxic T-cell generation by
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is dependent on the
Ah genotype of the murine host. Toxicol. Appl. Pharmacol. 72:
169-176 (1984).

32. Luster, M. I., Hong, L. H., Boorman, G. A., Clark, G., Hayes,
H. T., Greenlee, W. F., Dold, K., and Tucker, A. N. Acute
myelotoxic response in mice exposed to 2,3,7,8-tetrachlorodi-
benzo-p-dioxin (TCDD). Toxicol. Appl. Pharmacol. 81: 156-165
(1985).

33. Greenlee, W. F. Molecular mechanisms of immunosuppression
induced by 12-O-tetradecanoylphorbol-13-acetate and 2,3,7,8-te-
trachlorodibenzo-p-dioxin. In: Immunotoxicology and Immuno-
pharmacology (J. H. Dean, M. I. Luster, A. E. Munson, and H.
Amos, Eds.), Raven Press, New York, 1985, pp. 245-254.

34. Ariens, E. J., Beld, A. J., Rodrigues de Miranda, J. F., and
Simonis, A. M. The pharmacon-receptor-effector concept. A basis
for understanding the transmission of information in biological
systems. In: The Receptors-A Comprehensive Treatise (R. D.
O'Brien, Ed.), Plenum Press, New York, 1979, pp. 33-91.

35. Jones, P. B. C., Galeazzi, D. R., Fuisher, J. M., and Whitlock,
J. P., Jr. Control ofcytochrome P1-450 gene expression by dioxin.
Science 227: 1499-1502 (1985).

36. Jones, P. B. C., Durrin, L. K., Galeazzi, D. R., and Whitlock, J.
P., Jr. Control of cytochrome P1-450 gene expression: Analysis
of a dioxin-responsive enhancer system. Proc. Natl. Acad. Sci.
(U.S.) 83: 2802-2806 (1986).

37. Jones, P. B. C., Durrin, L. K., Fisher, J. M., and Whitlock, J.
P., Jr. Control of gene expression by 2,3,7,8-tetrachlorodibenzo-



MOLECULAR BASIS OF TCDD TOXICITY TO HUMAN KERATINOCYTES 77

p-dioxin. Multiple dioxin-responsive domains 5'-ward of the cy-
tochrome P1-450 gene. J. Biol. Chem. 261: 6647-6650 (1986).

38. Gonzalez, F. J., and Nebert, D. W. Autoregulation plus upstream
positive and negative control regions associated with transcrip-
tional activation of the mouse P1-450 gene. Nucl. Acids Res. 13:
7269-7288 (1985).

39. Sogawa, K., Fujisawa-Sehara, A., Yamane, M., and Fujii-Ku-
riyama, Y. Location of regulatory elements responsible for drug
induction in the rat cytochrome P-450c gene. Proc. Natl. Acad.
Sci. (U.S.) 83: 8044-8048 (1986).

40. Jaiswal, A. K., Gonzalez, F. J., and Nebert, D. W. Human P,-
450 gene sequence and correlation of mRNA with genetic differ-
ences in benzo[a]pyrene metabolism. Nucl. Acids. Res. 13: 4503-
4520 (1985).

41. Simmen F. A., Gope, M. L., Schulz, T. Z., Wright, D. A., Car-
penter, G., and O'Malley, B. W. Isolation of an evolutionary con-
served epidermal growth factor receptor cDNA from human A431
carcinoma cells. Biochem. Biophys. Res. Commun. 124: 125-133
(1984).


